RTX cytolysins are a family of calcium-dependent, pore-forming, secreted toxins found in a variety of gram-negative bacteria. The prototypical member of this family is the ca-hemolysin of Escherichia coli. The RTX genetic determinants from seven members of the family Pasteurellaceae, Pasteurella haemolytica, ActinobaciUus actinomycetemcomitans, and A. pleuropneumoniae serotypes 1, 5, 7, and 9 were previously cloned and sequenced. Using the leukotoxin determinant from P. haemolytica serotype Al as a probe, we detected the presence of RTX-type determinants in ActinobaciUlus suis, A. equuli, and A. lignieresii of the family Pasteurellaceae. All three species elaborate proteins of approximately 104 to 110 kDa that are recognized by polyclonal antisera against the 104-kDa hemolysin ofA. pkuropneumoniae serotype 1. An RTX determinant of A. suis isolate 3714 was cloned and sequenced and was found to be almost identical to the RTX determinant of A. pleuropneumoniae serotypes 5 and 9. In addition, the determinant is not composed of four contiguous genes, as had been reported for most other RTX determinants; instead, the genes encoding the two proteins responsible for secretion of the toxin are at a locus distinct from that containing the toxin structural and activation genes.
'ATCC, American Type Culture Collection.
development reagents were purchased from Bio-Rad Laboratories (Mississauga, Ontario, Canada). Crude hemolytic assays. The hemolytic activity of culture supernatants was measured by a crude liquid assay. Briefly, erythrocytes (bovine, canine, equine, ovine, or porcine) were harvested from fresh blood by centrifugation at 1,500 x g in a Beckman clinical centrifuge. The erythrocytes were washed three times in an equal volume of 0.85% saline-10 mM CaCl2. The washed erythrocytes were diluted to 1% in 0.85% saline-10 mM CaCl2 for use in the assay. Bacteria were grown overnight in THB+Ca at 37°C, subcultured (diluted 1/100) in the same medium, and then grown for 4 h at 37°C. After 4 h, the cells were removed from the supernatant by centrifugation at 12,100 x g and then filtered through a low-protein-binding Millex-HV 0.45-,um-pore-size filter (Millipore, Bedford, Mass.). The filtered supernatant was mixed in a 1:4 ratio with the 1% erythrocyte suspension, and the mixture was incubated for 60 min at 37°C. The mixtures were then centrifuged at 12,000 x g to pellet the erythrocytes. The release of hemoglobin was measured by determining the optical density of the supernatant at 540 nm with a Philips Pye Unicam PU86000 spectrophotometer. Hemolytic activity was calculated as the percent hemolysis compared with a 100% lysed positive control containing a 1:4 ratio of THB+Ca to 1% erythrocyte suspension plus 0.001% Triton X-100. A 1:4 ratio of THB+Ca to 1% erythrocyte suspension was used as a negative control.
Antibody neutralization studies were performed by preincubating the culture supernatant with serial dilutions of anti-A. pleuropneumoniae hemolysin antibody for 30 min at room temperature and then performing hemolytic assays as described above.
Preparation of supernatant proteins and Western blot analysis. For Western immunoblot analysis, the bacterial strains were grown overnight in THB+Ca, subcultured (diluted 1/100) in the same medium, and grown for 4 h at 37°C on a rotary shaker at 150 rpm. The cells were removed from the supernatant by centrifugation and filtration as described above. Supernatant proteins were precipitated either by adding trichloroacetic acid (6% final concentration) or ammonium sulfate (60% saturation). The precipitate was collected by centrifugation, washed in cold acetone, and resuspended in 2x sodium dodecyl sulfate (SDS) sample buffer (0.125 M Tris-HCI [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.05% bromophenol blue). These samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting as previously described (26) . Rabbit antiserum against the purified 104-kDa hemolysin of A. pleuropneumoniae serotype 1 was used to detect homologous proteins in the Western blot assays.
Agarose gel electrophoresis and Southern blot analysis of ActinobaciUlus DNA. Actinobacillus chromosomal DNA was isolated by SDS lysis of an overnight culture followed by phenol extraction and ethanol precipitation as previously described (26) . Restriction endonuclease digests of genomic DNA and recombinant plasmids were analyzed by electrophoresis in 0.7% agarose gels. For Southern blot analysis, Actinobacillus genomic DNA was digested with restriction endonucleases, separated on a 0.7% agarose gel, and electrophoretically transferred to nitrocellulose paper. Probes were made by enzymatic digestion of pLKT52 (which contains the P. haemolytica leukotoxin genes) (40) and recovery of the appropriate fragments after separation in low-meltingpoint agarose gels. The probes were labeled with [32P]dATP by nick translation and hybridized as previously described (26) , except that 25% formamide was used.
DNA cloning and sequencing. Actinobacillus chromosomal DNA was digested with the restriction endonuclease ClaI or HindIII, and fragments of 5 to 10 kbp were selected after centrifugation through a 10 to 40% linear sucrose gradient. These fragments were ligated into the unique ClaI or HindIII site of the plasmid vector pBR322, and the recombinant plasmids were transformed into E. coli HB101. E. coli clones carrying recombinant plasmids (identified by loss of tetracycline resistance) were screened for DNA fragments with homology to the lkt determinant of P. haemolytica by using a colony blot assay. Briefly, the recombinant clones were grown on nitrocellulose filters overlaid on LT-ampicillin plates and then lysed with 0.5 M NaOH; the DNA was then precipitated with ethanol. The nitrocellulose filters were probed with [32P]ATP-labeled lkt determinant. The recombinant plasmids of positively hybridizing clones were prepared by CsCl-ethidium bromide density gradient centrifugation and stored at -20°C.
After digestion of inserts from the recombinant plasmids with appropriate restriction enzymes, the DNA fragments were purified after low-melting-point agarose gel electrophoresis and ligated into M13 mpl8 and mpl9 vectors digested with appropriate restriction enzymes. The phage DNA was amplified in E. coli TG-1, purified by phenol-chloroform extraction, and sequenced by the dideoxy chain termination method as previously described (27) . Overlapping deletions of insert DNA were created as previously described (27) to facilitate sequencing of large fragments. In most cases, each nucleotide was sequenced three times from different deletion endpoints. Analysis and comparisons of DNA sequence data were performed by using the Pustell Sequence Analysis programs (International Biotechnologies Inc., Toronto, Ontario, Canada) as described previously (27 4 h after subculture (representing the log phase) (Fig. 2) . In contrast, no proteins reacting with the A. pleuropneumoniae antiserum were detected in the A. equuli or A. lignieresii log-phase culture supernatants or in lysed whole cells after a similar incubation period. The leukotoxin of P. haemolytica and the E. coli a-hemolysin were also detected by this antiserum (Fig. 2) (Fig. 3) . The inserts of p3714G and pHC3-1 were subcloned and ligated into pBR322 to form pAcsAC-61, which contains ashC, ashA, and an incomplete copy of ashB. However, this clone does not produce any hemolytic activity; the reason for this lack of hemolytic activity is being investigated.
The coding regions of the inserts of p3714G and pHC3-1 were sequenced. Comparison of the ashC and ashA DNA sequences with those of A. pleuropneumoniae appC/A (7) and clyIIClA (38) showed that the sequences were almost identical. The ashC and clyIIC genes are 100% homologous. The minor differences between ashC and appC are the same as those described by Smits et al. (38) for clyIIC and appC. For example, the discrepancy that occurs at positions 127 through 140 of appC/ashC is due to a frameshift in this region. Note that the ashC/clyIIC version gives a deduced amino acid sequence that more closely matches the RTX consensus (Fig. 4) .
The nucleotide sequence data showed that appA and clyIL4 are 100% identical, whereas the ashA sequence differs from them at three positions. These alterations in the DNA sequence are reflected in changes in the deduced amino acid sequence (Fig. 4) . This reported for RTX determinants from different species. To dispel any doubts regarding the possible misidentification of A. suis 3714 in light of the high degree of homology detected, the strain was subjected to a number of biochemical tests and was positively reidentified as a strain of A. suis.
Detection of the ashB and ashD genes. Next to the stop codon at the 3' end of the ashA gene, there is a putative rho-independent transcription termination sequence and a potential ribosome-binding region. These sequences are followed by an initiation codon and the first 54 nucleotides of an incomplete ashB gene (Fig. 5 ). The first 13 amino acids deduced from this nucleotide sequence are identical to those reported for the same region in A. pleuropneumoniae (8) .
The next 15 nucleotides are completely different from the A. pleuropneumoniae sequence and are followed by a stop codon. There are several stop codons in all three reading frames beyond this point in the sequence.
This abrupt termination in the coding sequence was unexpected, since, in all of the RTX determinants characterized previously, the four genes required for the production, activation, and secretion of the toxin were contiguous (12, 14, 18, 24, 40) . Recently, a similar discontinuity in the hemolysin determinant was described for A. pleuropneumoniae serotypes 7 and 9 (1, 38). In A. suis, the interruption was not caused by a cloning artifact, since recloning the DNA fragment containing this region gave similar results and the restriction site used for cloning (HindIII) was not located near the stop codon.
Since A. suis can secrete hemolysin into the growth medium, we presumed that it must possess a secretion mechanism, most likely one similar to that of other RTX toxins. Although the predicted ashB and ashD genes were not found downstream of the ashC and ashA genes, they may have been present elsewhere on the chromosome. A 2.3-kbp XbaI DNA fragment from the P. haemolytica lkt determinant, encompassing the 3' end of the lktB gene and the 5' end of the lktD gene (40) , was used to probe theA. suis chromosome. Positively hybridizing regions were detected; one of these, a 5.0-kb HindIII fragment, was cloned into pBR322. Presumably, this clone contains all or a portion of the ashB and ashD genes, and it is being characterized by restriction endonuclease mapping and DNA sequencing.
DISCUSSION
We have characterized an A. suis 3714 hemolysin that is immunologically and genetically related to the previously described RTX cytolysins from E. coli, P. haemolytica, and A. pleuropneumoniae. Unlike previously characterized cytolysins found in separate species, which have had only partial DNA and amino acid homology to one another (7, 12, 14, 24, 27) , the deduced amino acid sequence of this protein was highly (99 to 100%) similar to those of the AppA/ClyII proteins of A. pleuropneumoniae serotypes 5 and 9 (7, 38) . Another unusual feature of the A. suis RTX cytolysin determinant is the unexpected discontinuity of the four genes required for the production and secretion of active
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832 863 toxin. In most other RTX determinants, the four genes adjoin one another on the same strand of DNA. In A. suis, the ashC and ashA genes are located on a region of the chromosome that is separate from that of the ashB and ashD genes. A similar interruption was recently detected in the RTX determinants of A. pleuropneumoniae serotypes 5, 7, and 9 (1, 8, 38) . There is some discrepancy in the location of termination of the partial B gene (pseudogene [8] (38) . The DNA sequence of the hemolysin ofA. pleuropneumoniae serotype 1 has also been determined (14) , but it is not known whether the reported flanking hlyB-like open reading frame is complete. Chang et al. reported that, whereas the appCIA genes are more similar to the lktCIA genes of P. haemolytica Al, the appB/D genes are more similar to the hlyBID genes of E. coli (8) . The ashB and ashD genes from A. suis have been cloned and are being characterized. Determination of the DNA sequence of the ashBID genes will permit assessment of their relatedness to those of other RTX determinants (8, 12, 16, 17, 40) .
The level of similarity between AppA, HlyIIA, and AshA suggests they diverged only recently. The unusual discontinuity in the hemolysin determinants of these organisms supports the possibility of their common ancestry. Investigating the acquisition of the cytolysin determinants may assist in interpreting the evolutionary relationship between A. suis and A. pleuropneumoniae. The potential exchange of genetic material between these closely related species is not unlikely, since they share the same host (10, 30) . Recently, the cytolysin determinant of A. pleuropneumoniae serotype 7 was shown to be flanked by long identical direct repeats, which could lead to the excision of the region through homologous recombination (2) . Also, it is well known that the cytolysin determinant of E. coli can be encoded both chromosomally and on plasmids (18 The hemolysin ofA. pleuropneumoniae has been shown to be one of its more significant virulence factors (9, 19, 20, 35) . Animals with high anti-hemolysin titers have been shown to be protected from challenge with A. pleuropneumoniae (9) . A mutant strain of A. pleuropneumoniae serotype 5 that was unable to secrete the hemolysin was much less virulent in mice and pigs and was unable to elicit the production of antibodies that protected against challenge with the parent strain (19) . Although the hemolysins produced byA. suis and A. pleuropneumoniae are homologous, the organisms differ markedly in their ability to cause disease. A. pleuropneumoniae is highly virulent and causes acute hemorrhagic pleuropneumonia (3, 30) , whereas A. suis is an opportunistic pathogen, most often causing septicemia (especially in young animals) and abortion (25, 30) . Obviously, other virulence factors besides the cytolysins are involved in the localization and the progression of disease caused by these two species.
Because the cytolysins of these two organisms are similar, it may be possible to use the cloned cytolysin ofA. suis as a component of a vaccine to prevent pleuropneumonia. A. suis and A. pleuropneumoniae have been shown to share outer membrane epitopes (29, 35 (5) . Therefore, these Actinobacillus species appear to express the RTX genes to some extent. The genetic organization of the RTX loci of these species is now being studied to further elucidate the distribution of these determinants in species of the genus Actinobacillus.
